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Abstract.-1 . The r e l e v a n t v a r i a b l e s of a superconducting s t a t e a r e t h e order parameter and t h e quas i p a r t i c l e d i s t r i b u t i o n function. I n g e n e r a l , t h e s e v a r i a b l e s have t o b e determined a s s o l u t i o n s of t h e BCS gap equation and a Boltzmann equation. 2 . Basic r e l a x a t i o n processes a r e explained and ill u s t r a t e d by d i s c u s s i n g b a s i c experiments w i t h superconductors a s well a s with s u p e r f l u i d 3~e .
. Even i n c a s e s where q u a s i p a r t i c l e s t a t e s a r e i l l -d e f i n e d , a Boltzmann equation can be constructed, however, w i t h a d i f f e r e n t meaning of t h e q u a s i p a r t i c l e s . I t i s shown how t h e time dependentGinzburgLandau equation i s a f f e c t e d by t h e q u a s i p a r t i c l e d i s t r i b u t i o n function. 4. The p r o p e r t i e s of phase s l i p c e n t e r s a r e explained phenomenologically. A theory i s presented which shows t h a t a currentcarrying filament may undergo d i s s i p a t i v e phase t r a n s i t i o n s , p a r t i c u l a r l y i n t o a s t a b l e o s c i l l a t o r y state. 5 . The b a s i c f a c t s of r a d i a t i o n stimulated superconductivity a r e examined and a d i s c u s s i o n i s added on t h e p o s s i b i l i t y of d i s s i p a t i v e phase t r a n s i t i o n .
It might perhaps be necessary t o e x p l a i n why some people -i n c l u d i n g myself -t h i n k t h a t i t i s a n i n t e r e s t i n g s u b j e c t t o study t h e behaviour of superconductors out of thermal equilibrium. It i s certainl y t r u e t h a t , s i n c e t h e discovery of the theory of superconductivity twenty years ago, t h e r e have been so many i n v e s t i g a t i o n s on the response of a superconductor t o p e r t u r b a t i o n s which means nothing more than i n v e s t i g a t i o n s on i t s behaviour when d r i v e n out of thermal equilibrium. I s h a l l mention only a few things such a s electromagnetic response, a t t e n u a t i o n of ultrasound and nuclear s p i n r e l a x a t i o n . You may remember t h a t t h e q u a n t i t a t i v e e x p l a n a t i o n of t h e s e phenomena had been a major success a t t h e beginning of t h e epoch of t h e BCS theory. A s h o r t time l a t e r , a g r e a t i n t e r e s t i n t h e Ginzburg-Landau t h e o r y a r o s e , s i n c e t h i s theory was a b l e t o e x p l a i n , f o r i n s t a n c e , t h e r a t h e r involved magnetic s t r u c t u r e of supercond u c t o r s .~£ t h e second type. At t h a t time, Gorkov was a b l e t o show t h a t t h e Ginzburg-Landau equations were a consequence of t h e BCS theory. Almost everyone seemed t o be convinced then, t h a t t h e theory of superconductivity could be expressed i n r e l a t i o n s involving only t h e o r d e r parameter.
The r a t h e r l a r g e a c t i v i t y of r e s e a r c h / I / i n t h e f i e l d of what i s nowadays c a l l e d "nonequilibrium superconductivity" has shown t h a t t h i s c o n v i c t i o n h a s been premature.
. BCS GAP EQUATION AND BOLTZMANN EQUATION.-An im-
p o r t a n t l e s s o n t h a t should b e l e a r n t from t h e res u l t s of t h e c u r r e n t r e s e a r c h i s , t h a t t h e BCS theor y -and I wish t o i n c l u d e under t h i s name a l l t h e subsequent refinements -provides us with t h e proper t o o l f o r t h e d e s c r i p t i o n of t h e superconducting s t at e even i f i t i s f a r away from thermal equilibrium.
There i s a s e t of r e l e v a n t v a r i a b l e s , which includes t h e o r d e r parameter (wave f u n c t i o n of t h e Cooper p a i r s a l i a s energy gap) on t h e one s i d e and t h e q u a s i p a r t i c l e s and t h e i r d i s t r i b u t i o n f u n c t i o n n on P t h e o t h e r . There i s a connection between both types of v a r i a b l e s which i s t h e BCS gap equation (A = 1~1 ) It i s important now t o r e a l i z e t h a t t h e r a t e 1/.rE, a t which t h e q u a s i p a r t i c l e s approach thermal e q u i I ibrium with r e s p e c t t o energy, i s r a t h e r slow a s compared w i t h t h e gap frequency Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19786572 (One might say, t o some e x t e n t , t h a t t h i s i n e q u a l i t y j u s t means t h a t the BCS theory i s a q u a n t i t a t i v e theory f o r superconductors though s t r i c t l y s p e a k i n g , i t i s t h e i n e q u a l i t y k T << EF). W e observe t h a t a t B c t h e t r a n s i t i o n temperature t h e r e i s the following order of magnitudes :
Please note t h a t the r e l a x a t i o n r a t e 1/.rE ( T~ : inel a s t i c c o l l i s i o n time) depends on t h e gap as well a s on t h e energy and temperature i n t h e sense t h a t t h e l a r g e r t h e former, and t h e smaller t h e l a t t e r quant i t i e s , t h e smaller t h e r e l a x a t i o n r a t e . As a r u l e electron-phonon c o l l i s i o n s c o n t r i b u t e e x c l u s i v e l y t o t h i s r e l a x a t i o n process.
I n thermal equilibrium, the q u a s i p a r t i c l e where ($,A) a r e t h e electromagnetic p o t e n t i a l s . Sin-1 .
ce -fi0 = pS may be c a l l e d t h e electrochemical po-2 t e n t i a l (per article) of t h e p a i r s , @ has t h e meaning of a p a i r chemical p o t e n t i a l .
Concluding t h e discussion of the f i r s t p a r t of the theory, I should mention t h a t one has to sol- I n t h e experiment (Clarke) a normal current i s injected ( v i a a tunneling junction) i n t o a superconductor and charge balance i s maintained by a supercurrent outflow. The f i n i t e r a t e of conversion of normal c u r r e n t JN i n t o supercurrent JS must produce a f i n i t e d i f f e r e n c e i n t h e electrochemical potent i a l s pN and pS of t h e normal and of t h e superfluid components, ( i . e . Cooper p a i r s and q u a s i p a r t i c l e s ) respectively. The measured d i f f e r e n c e i s proportioaE a n a E a n I P n a l t o a r e l a x a t i o n time T defined as follows
The expression i n t h e square bracket i s of t h e form ' p -'~=~' 2 e N ( 0 ) ' T~ ' of a Poisson bracket and representsthe d r i f t of t h e and t h i s r e l a x a t i o n time i s found t o agree well with q u a s i p a r t i c l e i n ( r ,p) space. The c o l l i s i o n integral Tinkham's t h e o r e t i c a l r e s u l t I{n 1 includes i n e l a s t i c c o l l i s i o n s with phonons a s P w e l l a s e l a s t i c s c a t t e r i n g a t impurities. It can be A (0)
obtained by c a l c u l a t i n g t r a n s i t i o n p r o b a b i l i t i e s according t o t h e Golden Rule. P a r t i c l e i n j e c t i o n by This means, i n p a r t i c u l a r , t h a t T~ diverges means of a tunnel contact and quantum t r a n s i t i o n s (Tc-T ) -~/~ a t t h e t r a n s i t i o n temperature ( c r i t i c a l induced by r a d i a t i o n give r i s e t o a nonvanishing slowing down). source term P.
The d e f i n i t i o n of pS given previously implies A most important point i s an adequate paramet h a t t h e r e is a steady supercurrent only between ret r i z a t i o n of t h e q u a s i p a r t i c l e energies E I t i s P' gions having t h e same is. I n nonthermal s t a t e s , t h e necessary, f o r instance, t h a t t h e f r e e p a r t i c l e electrochemical p o t e n t i a l pN of t h e q u a s i p a r t i c l e s energies E be reckoned from the energy l e v e l o f t h e P can be defined by means of a d i f f u s i v e equilibrium. Cooper p a i r s which may be d i f f e r e n t from t h e (unHowever. one has t o k e e~ i n mind t h a t i n c o n t r a s t t o perturbed) Fermi l e v e l EF. Hence (Aronov, Gurevich thermal equilibrium, t h e r e s u l t depends on t h e na-/2/ 1974) t u r e of t h e d i f f u s i v e process. /11/ 1975 ; Larkin and Ovchinnikov 1121 1977) .
However, one should be aware of a d i f f e r e n c e i n meanings i n t h e d i s t r i b u t i o n functions n+ and f P E,F* Whereas t h e former ( e x c i t a t i o n p i c t u r e ) r e f e r s to q u a s i p a r t i c l e s having only p o s i t i v e energies (indeed, E > A), the l a t t e r one ( p a r t i c l e p i c t u r e ) P - There e x i s t s a formal r e l a t i o n s h i p between t h e increments of t h e d i s t r i b u t i o n functions : f o r conversion ; wgere E = IE I . Note t h a t i n t h e conversion mode, P p a r t i c l e s a r e added symmetrically t o t h e up and down band, whereas, i n t h e condensation mode, a p a r t i c l e -h o l e p a i r i s created o r s h i f t e d symmetric a l l y . The f a c t o r E /E d e r i v e s i t s existence from P P the BCS coherence f a c t o r s .
It i s not necessary here t o go i n t o t h e det a i l s of t h e p a r t i c u l a r s t r u c t u r e of the Boltzmann equation f o r f i n a superconductor. It seems E,G t h a t i n most cases a form l i n e a r i n 6f i s s a t i s -E,h f a c t o r y where only some non-linear terms i n t h e electron-phonon c o l l i s i o n i n t e g r a l a r e neglected.
The whole problem i s s t i l l highly non-linear i n t h e order parameter. Some s i m p l i f i c a t i o n i n t h e s t r u c t u r e of t h e equations can be obtained i f one r e s t r i c t s oneself t o a small temperature region clos e t o t h e t r a n s i t i o n temperature where
A << kBTc . 
I n t h i s case, t h e BCS-gap equation (including spat i a l and temporal d e r i v a t i v e s ) i s equivalent t o t h e time dependent

One recognizes t h a t t h e Ginzburg-Landau equation f o r thermal equilibrium amounts t o p u t t i n g the r.h.s. equal t o zero. Save f o r t h e appearance of t h e unknown q u a n t i t y X, t h i s equation i s r a t h e r of a standard phenomenological
type which d e s c r i b e s a purely r e l a x a t i o n a l motion of the order parameter. Recently, such equations have o f t e n been discussed i n connection with t h e c r i t i c a l dynamics a t a phase t r a n s i t i o n .
The complex valued q u a n t i t y X has played a r a t h e r mysterious r o l e i n the p a s t . Gorkov and Eliashberg 1131 (1968) have shown t h a t it d e r i v e s from v e r t e x c o r r e c t i o n s ( i n t h e language of t h e Green f u n c t i o n technique) and they c a l l e d X t h e anomalous contribution. However, a mystery e x i s t s only i f one f o r g e t s t h i s one l e s s o n of t h e BCS-theory, namely : t h a t t h e b a s i c v a r i a b l e s of a superconductor a r e not only t h e order parameter but a l s o the q u a s i p a r t i c l e d i s t r i b u t i o n function. Indeed, X i s a l i n e a r f u n c t i o n a l of t h e increment 6f of E , h t h e d i s t r i b u t i o n f u n c t i o n where 6fE i s t h e angular average. One can show t h a t the r a t h e r opaque equations f o r t h e v e r t e x correct i o n s a r e equivalent t o (some specialized form o f )
the Boltzmann equation.
I do not wish t o comment on X very much i n d e t a i l . However, i t i s not d i f f i c u l t t o understand t h a t Rex corresponds t o t h e e x t r a term (save f o r a f a c t o r A) i n t h e BCS-gap equation which r e s u l t s from t h e non-thermalincrement 6n i n t h e d i s t r i b u -P t i o n function. Hence, where N i s t h e BCS d e n s i t y of s t a t e s . A s f a r a s 1
ImX i s concerned, one may perhaps keep i n mind t h a t i t must have transformation p r o p e r t i e s such t h a t t h e Jackel 1161 (1977) along a filament i n t h e d i s s i p atime dependent Ginzburg-Landau equation i s gauge co-
v a r i a n t . Furthermore, we note t h a t ImX i s associated with t h e conversion mode, whereas Rex i s specif i c f o r the condensation mode. W e w i l l see l a t e r , t h a t t h e appearance of t h e q u a n t i t y X has d r a s t i c consequences on t h e time dependent Ginzburg-Landau equation. The r a t h e r small i n e l a s t i c relaxation r a t e I / T allows an excessive accumulation of non-thermal
E q u a s i p a r t i c l e s . Furthermore, t h e strong dependenceof t h e i r p r o p e r t i e s on energy (expressed here by t h e function L(E)) amplifies d i s t o r t i o n s i n the shape of the d i s t r i b u t i o n function i n regard t o i t s in-
f luence on X. 
I n general, i t i s extremely d i f f i c u l t t o f i n d adequate s o l u t i o n s 6f of t h e Boltzmann equation, E,B which i s from a formal point of view, an integrod i f f e r e n t i a l equation with c o e f f i c i e n t s which depend on t h e v a r i a b l e s . Nevertheless, t h e r e s t r i c t i o n t o t h e case A << kkTc i s a l s o h e l p f u l i n solving t h e Boltzmann equation. Then t h e q u a s i p a r t i c l e relaxat i o n time rE i s f a i r l y independent of the energy i n the range of i n t e r e s t and c o n s t i t u t e s thus, a char a c t e r i s t i c time of t h e Boltzmann equation. I t f o llows t h a t , t h e r e i s a l s o a c h a r a c t e r i s t i c length
PHASE SLIP CENTER.-Let me f i r s t r e c a l l t h e experimental f a c t t h a t a superconducting filament carrying s u f f i c i e n t current jumps i n t o a d i s s i p a t ive s t a t e discontinuously. This behaviour i s r e f l e ct e d i n t h e current-voltage c h a r a c t e r i s t i c by t h e
appearance of a voltage s t e p of a height considerab l y l e s s than what one would expect i f the filament would undergo a complete t r a n s i t i o n t o t h e normal s t a t e . Now, a superconductor cannot s u s t a i n a vol- 
/I51 (1974) explained t h i s d i s s i p a t i v e s t a t e by t h e appearance of a localized phase s l i p center
where t h e phase 0 of t h e order parameter s u f f e r s discontinuous changes such t h a t t h e time averaged p a i r p o t e n t i a l Fs jumps by a s t e p i n height : -1 -7 pS = 7 Z.0 = eV. Recent measurements of < and KN by Dolan and -t i v e s t a t e c l e a r l y show t h a t pS i s constant except a t t h e point where t h e phase s l i p takes place. A s -f a r a s the space v a r i a t i o n of vN i s concerned, one should keep i n mind t h a t conversion of normal and supercurrents i s t h e r e l e v a n t c o n t r o l mechanism.
Therefore, one expects a c h a r a c t e r i s t i c length which is a l s o being observed, indeed.
Though t h e general p i c t u r e of a phase s l i p center i s i n t u i t i v e l y c l e a r , i t i s d e s i r a b l e t o have a b e t t e r understanding and t o know under which c i rcumstances i t may be a c t i v a t e d . It i s my impression t h a t i n t h i s r e s p e c t the t h e o r e t i c a l i n v e s t i g a t i o n s of Baratoff 1171 (1977) and of Watts-Tobin 1181 (1978) a r e most important. They showed t h a t i n t h e l i m i t i n g case 
I t i s known t h a t t h e normal s t a t e i s l o c a l l y s t a b l e ( i . e .
s t a b l e a g a i n s t i n f i n i t e s i m a l f l u c t u a t i o n s ) i f the curr e n t J > O . The same i s t r u e f o r t h e superconducting s t a t e provided t h a t J < J m a x , where J i s the maximax ma1 current i n t h e sense of Ginzburg and Landau.
Though r e l a t i v e l y s t a b l e , a t l e a s t one of these s t at e s i s g l o b a l l y unstable ( i . e . unstable a g a i n s t f i n it e f l u c t u a t i o n s ) . I f T~A / K = 0 (more precisely : %AIM phase t r a n s i t i o n a t J = J k <Jmax. Although the mea'ning of a f r e e energy i s n o t obvious i n non-equilibrium, s t a t e s , we may summarize the r e s u l t s on the s t a b i l i t y of the various s t a t e s by a f r e e energy diagram i n analogy with t h e equilibrium theory a s follows. Accordingly, we expect a f i r s t order phase transition a t J = J k' Most i n t e r e s t i n g , however, i s the appearance of a f u r t h e r s t a b l e s t a t e (not contained i n t h e s i mp l e diagram above) which i s o s c i l l a t o r y and which resembles a t l e a s t q u a l i t a t i v e l y , an a c t i v a t e d phase s l i p center. I n p a r t i c u l a r , i f .rEA/H 2 5.5, t h i s o s c i l l a t o r y s t a t e i s t h e only one which i s g l o b a l l y s t a b l e i n a range of c u r r e n t s below Jmax. Thus, a c u r r e n t carrying superconducting filament may jump i n t o a d i s s i p a t i v e s t a t e of o s c i l l a t o r y nature which i s s t a b l e . Usually, one r e f e r s t o such a process a s a t r a n s i t i o n t o a l i m i t cycle.
The t h e o r e t i c a l p r e d i c t i o n t h a t a t r a n s i t i o n i n t o t h e normal s t a t e and/or an a c t i v a t i o n of a phas e s l i p c e n t e r may occur a t currents below t h e maximal c u r r e n t , seems t o me of considerable i n t e r e s t .
There a r i s e s the next question on t h e nature of fluct u a t i o n s such as t o a c t i v a t e a center.
RADIATION STIMULATED SUPERCONDUCTIVITY.-It i s well known t h a t thermally excited q u a s i p a r t i c l e s suppress superconductivity since they r e s t r i c t t h e phase space a v a i l a b l e t o Cooper p a i r s -t h i s explains
t h e phase t r a n s i t i o n a t f i n i t e temperatures. Less known, however, i s t h e f a c t t h a t e x c i t a t i o n s near the gap edge a r e more d e s t r u c t i v e l y blocking the p a i r s than those which a r e off the edge. Recognizing t h i s circumstance, Eliashberg 1201 I v l e v e t a l . 1201, 1973) pointed out t h a t electromagnetic rad i a t i o n tends t o remove, under c e r t a i n conditions, e x c i t a t i o n s from t h e gap edge with t h e consequence of an enhancement of t h e order parameter and even of a s t i m u l a t i o n of superconductivity above Tc.
Radiation o f , say, frequency v induces t r a n s it i o n of t h e q u a s i p a r t i c l e s from s t a t e s of energy E t o s t a t e s of energy E +-Nv. I n i t i a l l y , the gap edge i s heavily populated with e x c i t a t i o n s on account of i t s high d e n s i t y of s t a t e s , and consequently, t h e n e t r a t e of t r a n s i t i o n s i s away from t h e gap edge.
I n t h e Boltzmann equation, these t r a n s i t i o n s a r e represented by a f i n i t e source term P which i s proport i o n a l t o the applied r a d i a t i o n power.
A t f i r s t , we look f o r s p a t i a l l y homogeneous and s t a t i o n a r y s t a t e s . One f i n d s t h a t the q u a n t i t y X i s r e a l and only a function of A/$v, where B i s a c o e f f i c i e n t proportional t o applied power. I n t h e case of electromagnetic r a d i a t i o n , G i s p o s i t i v e and has one maximum i n t h e form of a kink a t Hv = 2A. Obviously, t h e s t a t i o n a r y Ginzburg-Landau equation
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) A Tc allows always t h e normal s t a t e s o l u t i o n A = 0. A graphical construction shows c l e a r l y , t h a t t h e r e i s one superconducting s t a t e s o l u t i o n A # 0 f o r T < T with t h e property t h a t A increases with increasing r a d i a t i o n power a B. For temperatures above T but below some maximal temperature T t h e r e e x i s t s max '
two superconducting s t a t e s o l u t i o n s .
Turning our a t t e n t i o n t o t h e dynamic behaviour s f these s o l u t i o n s , one f i n d s i n a l i n e a r s t a b i l i t y a n a l y s i s t h a t f o r T < Tc, the normal s t a t e i s locally unstable, i n c o n t r a s t t o t h e superconducting s t a t e which i s s t a b l e . I n the temperature range Tc < T < Tmax, t h e superconducting s t a t e with the smaller value of A i s l o c a l l y unstable, whereas t h e superconducting s t a t e with t h e l a r g e value of A a s well a s t h e normal s t a t e a r e a t l e a s t l o c a l l y s t a b l e .
A s t a b i l i t y a n a l y s i s , which includes s p a t i a l f l u c t u a t i o n s of t h e order parameter i n l i n e a r order, reproduces t h e r e s u l t s on l o c a l s t a b i l i t y found above. It i s now an i n t e r e s t i n g question whether the allowance of l a r g e s p a t i a l v a r i a t i o n s of t h e order parameter may lead t o a s t a t e where a normal and a superconducting region co-exist -perhaps i n a manner s i m i l a r t o the r e s u l t found previously with a curr e n t carrying filament. I n order t o i n v e s t i g a t e t h i s One can show t h a t t h i s equation p r e d i c t s a d i s s i p a t i v e f i r s t order phase t r a n s i t i o n a t T = T k' where T < Tk < Tmax, with t h e property t h a t the superconducting (normal) s t a t e i s globally unstable f o r T > Tk (T < Tk). The r e s u l t agrees with i n v e s t igations 1211 on the s t a b i l i t y of the homogeneous stat e i n the presence of quantum f l u c t u a t i o n s i n the q u a s i p a r t i c l e occupation number. W e f i n d t h a t t h e r e e x i s t s a p r o b a b i l i t y d i s t r i b u t i o n where t h e non-equilibrium f r e e energy diagram i s t h e 1 same a s i n Fig. (4) except f o r t h e following replacement References Eventually, we may calculate the probability of the occurrence of such fluctuations which cause transitions from a globally unstable state to a stable one. Unfortunately, the numbers seem to be so small that one should not expect to observe such a transition. In contradiction to this result, one does observe, for instance, a transition from the normal to the superconducting state even above T . 
